In a major evolutionary transition to a new level of organization, internal conflicts must be controlled before the transition can truly be successful. One such transition is that from single cells to multicellularity. Conflicts among cells in multicellular organisms can be greatly reduced if they consist of genetically identical clones. However, mutations to cheaters that experience one round of within-individual selection could still be a problem, particularly for certain life cycles. We propose an experimental evolution method to investigate this issue, using micro-organisms to construct multicellular pseudo-organisms, which can be evolved under different artificial life cycles. These experiments can be used to test the importance of various life cycle features in maintaining cooperation. They include structured reproduction, in which small propagule size reduces within-individual genetic variation. They also include structured growth, which increases local relatedness within individual bodies. Our method provides a novel way to test how different life cycles favour cooperation, even for life cycles that do not exist.
Introduction
Major evolutionary transitions are often the result of cooperation among lowerlevel units that became so great that together they could be viewed as a new, higher-level organism [1] [2] [3] [4] [5] . However, for a transition to be successful, conflicts among the lower-level units have to be resolved. In the fraternal major transitions-eusocial societies and multicellularity-kin selection plays a major role, allowing some units to altruistically give up their reproduction for relatives [3, 6] . Eusocial insects show a rich history of kin-selected altruism, conflicts and conflict resolution [7, 8] .
Leo Buss suggested that multicellular organisms have a similarly rich history of conflict among cells [1] . Although multicellular organisms seem to be nearly entirely conflict-free (as do the most advanced eusocial insects), selection among variant cell lineages may have been important in two different ways. First, successful multicellularity may have required the evolution of mechanisms to reduce conflicts [1, 4] . Second, some cell movements and induction events that we see in the development of current organisms may be relics of competition to become a reproductive cell, or to induce others to take up a somatic role [1] .
These ideas, if true, would require a rethinking of the evolution of development as extensive as the rethinking of social insect evolution that kin selection stimulated. However, they have been criticized by members of the social evolution community (who might have been expected to be sympathetic to this extension of their field) because most multicellular organisms have a singlecell bottleneck in their life cycle [3, 6, 9, 10] . Therefore, the resulting multicellular individual is clonal. With a relatedness of 1, no cell is selected to compete with others in its body, so there are no evolutionary conflicts of interest.
However, Buss's ideas deserve testing for at least three reasons. First, not all organisms have single-cell bottlenecks, or they may have them rarely [1] . They may instead reproduce by multicellular propagules involving budding, fission & 2012 The Author(s) Published by the Royal Society. All rights reserved. and runners, or by aggregation. Cell-lineage selection has been shown to work in an alga that can reproduce by fragmentation [11] . More conflict might be expected in these life cycles [3] .
Second, single-cell bottlenecks may not eliminate all celllineage competition. When a new mutation occurs during development, that allele is unrelated to other cells and could gain by selfishly increasing its representation in the individual's progeny. However, this is a weak effect because each new mutant gets only one episode of within-individual advantage. After that first generation, its descendants are in all-mutant individuals where no advantage can be gained. Buss's failure to consider this weakness made his theory questionable, but models have subsequently shown that a combination of selfish within-individual selection and a sufficiently high mutation rate could still have major effects [4, [12] [13] [14] [15] .
Finally, even if cell-lineage selection is not very potent in current multicellular organisms, we can still ask whether other kinds of life cycles may be absent because they do not control such conflict [1] . Current diversity of life cycles is not just about what evolution has favoured, but also about what it has disfavoured.
In this paper, we suggest that these ideas can be tested using experimental evolution of artificial pseudo-organisms consisting of many single-celled microbes allowed to grow in ways that simulate specific multicellular life cycles. This procedure allows a ceteris paribus comparison of life cycles, including ones that do not exist. We can test the prediction that cooperation is enhanced by factors that limit cell-lineage competition, including small propagule size, small body size, low cell movement, early sequestration of the germline and low mutation rate [1, 15] .
General methodology
This paper is about a methodology that derives from a new perspective on microbial experimental evolution experiments. This section describes the general approach. Microbial evolution experiments typically involve iterated phases of growth, for example on one plate, followed by dispersal, for example to a new plate. We suggest that a useful shift in perspective can be achieved by viewing these stages as parallel to the growth and dispersal stages in multicellular organisms. Specifically, an experimental evolution line of micro-organisms can be viewed as a lineage of growing and reproducing multicellular pseudo-organisms, allowing us to ask what kinds of lineage structures best control conflicts. We will call these multicellular pseudo-organisms. We are not suggesting that they are true organisms, which are entities with very high levels of cooperation and very low levels of conflict [16] . But we can use them to gain experimental leverage on how such high-cooperation low-conflict organisms evolve.
To be concrete, suppose we seed a plate with a single clone in the centre of the plate and allow it to grow out to the edge of the plate. The colony is genetically like a small flat circular clonal organism. If we then pick up a single cell and transfer it to the centre of a new plate, we have caused this pseudo-organism to reproduce. This artificial cycle can be extended for as many generations as desired, monitoring any evolved change in cooperation. This will work best with a micro-organism that already shows some form of multicellular cooperation, as many microbes do [17, 18] .
In this example, we might expect cooperation to be nicely maintained, because this life cycle has two kinds of structure that favour it, which we call structured reproduction and structured growth. Structured reproduction is when new individuals start out with lower genetic variation than their parents because of small propagules or any other process that homogenizes propagules (such as structured growth). Single-cell bottlenecks are the most extreme form. Structured growth occurs when cells do not move completely freely throughout the organism or pseudo-organism. Its main effect is clustering of similar clones, or locally high relatedness. Under structured growth, a selfish mutant is less likely to be successful because it cannot cheat randomly; it is more likely to cheat others of its own type. Figure 1 shows four experimental designs of this type, varying in whether they have structured reproduction or structured growth.
Similarly, we can increase the size of the plate to test the prediction [19] that larger body sizes disfavour cooperation by allowing more mutations between transfers. We can test other forms of structured reproduction by mimicking budding, fission or runners of various lengths and widths. We can test whether sequestered germlines reduce selfish cell lineages by drawing propagules from a pre-defined region near the centre of the plate. We might even test more complex body plans where different lineages grow to different degrees [20] by shifting from a circular plate to arenas where growth is channelled in desired directions and amounts.
Past experiments
There have been many experimental evolution experiments on social microbes, but most lack one or more important elements for studying the joint power of mutation and within-lineage selection.
Some experiments mix together cooperator and defector genotypes and assess their success over one or more generations [21] . These experiments usually focus on pre-existing variants to yield information on selection, but not on mutation. Conversely, experiments can start from a single clone and allow mutations to accumulate, but in an environment where the social trait is not expressed, so there can be no direct selection on it (though there may be selection on rsbl.royalsocietypublishing.org Biol Lett 9: 20120636 correlated traits) [22] . This limitation is shared by the one mutation accumulation experiment we know of that focused on a microbial social trait, because transfer between generations preceded expression of the social trait [23] . But mutation accumulation experiments do mimic the singlecelled bottlenecks of multicellular life cycles. To convert them to our ends, we need to allow social mutations to be expressed. Instead of including bottlenecks as frequently as possible in order to minimize selection (to measure mutation), they can be spaced out to any desired degree to measure the joint effects of mutation and selection as body size increases.
Perhaps the most similar study to those we propose was a recent study of the social amoeba Dictyostelium discoideum [23] . These amoebas, when starved, aggregate and form fruiting bodies in which about 20 per cent of cells altruistically form a somatic stalk that enhances the dispersal of the remaining 80 per cent, which differentiate as reproductive spores [24] . We put them through the odd artificial life cycle in figure 1d , which is the opposite of the one discussed earlier (figure 1a). This life cycle minimizes both structured reproduction (by transferring cells from a wide swath across the plate) and structured growth (by initiating pseudo-organisms from many locations, so that lineages mix as they grow). Not surprisingly, in the absence of these features, cheater mutants thrived. This included an increase in most lines of parasitic cheaters that could not fruit on their own, so that lines declined in vigour [23] .
The corresponding experiments with structured reproduction and/or structured growth (figure 1a-c) have not been done, but a separate mutation accumulation experiment showed that the mutation rate to these parasitic cheaters is low [23] . This allowed a calculation that single-cell bottlenecks would generally be sufficient to keep these cheaters from increasing significantly, not just for the plate-sized pseudo-organisms, but also for pseudo-organisms as large as a blue whale.
The role of mutation rate also can be studied. An experiment using Pseudomonas aeruginosa similarly used unstructured growth and reproduction (liquid culture, transfer of many cells) but compared mutator and non-mutator clones [25] . As expected, there were greater declines in cooperative siderophore production in the high-mutation lines.
Discussion
Microbes are already widely used in studies of cooperation among cells [16, 17, 21] . We suggest that experimental evolution using social microbes offers a unique way to investigate questions of considerable importance to the evolution of multicellularity. By viewing experimental growth and transfer of microbial populations as parallels to growth and reproduction of multicellular organisms, we can test the effectiveness of different life cycles in maintaining cooperation.
The key question for Buss's hypotheses about conflict and multicellularity [1] , the power of mutation and within-lineage selection, can be studied using experimental evolution. Typically, experimental evolution allows each lineage to continue, with no competition between lineages. Thus there is no equivalent to selection among multicellular organisms, but the experiments can address how strong this selection would need to be to counter within-organism effects. In addition to the experiments sketched out in figure 1 , related experiments could explore the effects of body size, alternative reproductive modes such as fission or runners, formation of individuals by aggregation, germline sequestration and cancer.
The chief limitation of this approach is that it uses cooperative traits of the test microbe, rather than the traits of current multicellular organisms. This limitation is reduced if eukaryotic microbes are used because at least they have similar kinds of genes and gene families, but it is still true that the proximate details will differ from true multicellular organisms.
However, there are some strong advantages of this approach compared with working on real multicellular organisms. First, most multicellular organisms have life cycles that are not easily manipulated. Comparisons of life cycle traits in different, often distant, taxa are complicated by their many other differences. Secondly, we have little way of measuring the effects of cell-lineage conflicts in multicellular organisms, but this crucial variable can be measured using cooperative traits of microbes. Finally, as illustrated by the Dictyostelium experiment, using artificial life cycles allows one to test life cycles that do not exist, and perhaps discover why they do not.
